ABSTRACT: Three hundred twenty fetuses were obtained from 33 pregnant gilts Pig Improvement Co.) to determine rates of nutrient deposition in fetal tissues and to estimate nutrient requirements for fetal growth. Pregnant gilts were fed an equal amount of a gestation diet (2.0 kg/d; as-fed basis), and were slaughtered at d 0, 45, 60, 75, 90, 102, or 110 of gestation (n = 3 to 6 per day). Fetuses were dissected into carcass and individual tissues (including gastrointestinal tract, liver, lung, heart, kidney, spleen [≥d 75]), and partial placental collection was made for chemical analysis. Fetal tissues were weighed and analyzed for DM, ash, CP, and crude fat. Regression equations were obtained to explain the weight and compositional changes of individual tissues during gestation. Weights of the fetus, carcass, gastrointestinal tract, liver, heart, lung, and kidney increased cubically (P < 0.001),
Introduction
Porcine fetal growth accelerates during the second half of pregnancy (Knight et al., 1977; Wu et al., 1999; Pond and Mersmann, 2001) . Several factors, including genetics, nutrition, and gestational stage, are the major determinants of growth rates in fetal pigs (Anthony et al., 1995; Allen, 2001; Fall et al., 2003) . Ullrey et al. (1965) demonstrated that the growth rates of some porcine fetal tissues varied with gestational stages. However, compositional changes in fetal tissues during gestation have not been characterized. The availability of such data is crucial for estimation of nutrient needs for fetal tissue growth at a specific gestational stage. 2534 whereas brain weight increased linearly (P < 0.001) as gestation progressed. Fetal protein and fat contents increased quadratically (P < 0.001) as gestation progressed (R 2 = 0.906 and 0.904, respectively). Changes in fetal protein and fat contents fit a multiphasic regression that consisted of two linear equations (P < 0.001, R 2 = 0.988 and P < 0.001, R 2 = 0.983, respectively), indicating that protein and fat growth accelerated after d 69 of gestation. Fetal protein and fat accretions were 0.25 and 0.06 g/d (P < 0.001) before d 69 of gestation, and increased to 4.63 and 1.09 g/d (P < 0.001) after d 69 of gestation. Protein needs for tissue protein gains increased 19-fold after d 69 of gestation. Results of this study indicate that the growth of the fetus and fetal tissues occurs at different rates during gestation and support the practice of a two-phase feeding strategy (before and after approximately d 70 of gestation) for pregnant gilts.
Nutrient needs for fetal tissue growth affect overall maternal nutrition (NRC, 1998) . Notably, maternal dietary nutrients are primarily directed toward support of fetal tissue growth (Trottier and Johnston, 2001) . When maternal nutrient intake is insufficient, especially for pregnant gilts, their growth, longevity, and reproduction efficiency will be reduced. Thus, adequate feeding of pregnant gilts is important not only for fetal growth and development but also for sow reproductive and lactational performance (Schoknecht, 1997; Kim and Easter, 2003) . Thus, nutrient needs of pregnant gilts should be based on dynamic compositional changes in individual fetal tissues during gestation, so as to establish an effective feeding strategy for pregnant gilts. The objective of this study was to determine rates of nutrient deposition in fetal tissues and to estimate nutrient requirements for fetal pig growth.
Materials and Methods

Animals and Experimental Design
An animal care and use protocol was approved by the Animal Care and Use Committee of Texas Tech University. Thirty-three gilts (158.2 ± 3.8 kg, Camborough-22, Pig Improvement Co., Franklin, KY), which produced a total of 320 fetuses, were used in this study. Gilts were housed in individual standard gestation crates at the Texas Tech University Swine Research Farm in New Deal. All gilts were checked for heat once daily in the morning and bred with unfrozen semen via artificial insemination twice during an estrous cycle (18 to 24 h apart). Pregnant gilts were provided, and consumed, 2 kg/d (as-fed basis) of gestation diet once daily (at 0900) (Table 1) , which met NRC nutrient requirements (1998). Soybean meal was used as a major protein source, and corn was used as a major energy source in the diet, providing 89.2% DM, 12.2% CP, 0.56% lysine, 3.1 Mcal/kg ME, and 0.94% Ca (as-fed basis; Table 1 ). All gilts had free access to water throughout the entire study. At the beginning of the study, six gilts were assigned randomly to be slaughtered at d 0, 45, 60, 75, 90, 102 , or 110 of gestation (Table 2 ). Final numbers of gilts in each slaughter group varied between three to six (totaling 33 gilts) due to pregnancy failure in some gilts (Table 2) .
Slaughter and Sample Collection
Gilts were transported to the Texas Tech University Meat Laboratory in Lubbock at 1700 before slaughter, where they were withheld from feed. Gilts were weighed and then slaughtered in the morning (0800), in compliance with standard university practices. Reproductive tracts were collected during the slaughter process. Weights of the entire reproductive tracts were measured. The uterus was placed on a table, allowing for both horns to be separated for measurement of the horn length. Each horn was separated into long (L) or short (S) sides. Fetuses were separated from the uterine horn by cutting the placenta at the base of the amniotic sac and then again at the base of the umbilicus. Individual fetuses were weighed, and then a medial incision was made to expose internal organs. The heart, liver, lung, gastrointestinal tract (GIT), kidneys, and spleen were collected via blunt dissection. Spleens were collected from the fetuses after d 75 of gestation to ensure proper organ separation. Partial placental collections were made for chemical analyses because the whole placenta could not be collected due to rupture during carcass processing. The weights of all fetal carcasses and fetal tissues were recorded. Following gestation d 45, fetal brains were collected and weighed.
Sample Processing
Following tissue collection, individual samples were stored at −20°C for further analysis. Fetal samples from the L side were thawed at a 4°C for 2 to 6 h. Samples from the same gilt were pooled by tissue. The pooled carcass and pooled individual tissues were then reweighed. Samples were then placed in a freeze dryer (TD44-0 Dura-Top freeze dryer, FTS Systems, Chatswood, Australia) until fully dried (approximately 7 to 14 d). The dried samples were then weighed and ground with a commercial blender (Waring Products, New Hartford, CT) to produce a homogenous mixture.
Chemical Analyses
Dry matter content was determined by the desiccation of the tissue at 105°C for 4 h in a forced air oven (Procedure No. 950.46; AOAC, 1995) . Crude protein content (N × 6.25) was determined using the combustion method (LECO FP 2000, Leco Corp., St. Joseph, MI; Procedure No. 968.06; AOAC, 1995) . Crude fat was determined from dried tissue using the Soxhlet extraction method, with petroleum ether as the binary extracting solution (Novakofski et al., 1989) . Ash was measured by the combustion of dried tissue at 500°C for 8 h (Proce- 
Statistical Analyses
Data were analyzed as a completely randomized design. Analyses were performed using the GLM procedure of the SAS (SAS Inst., Inc., Cary, NC). Gilt was the experimental unit. The model included day of gestation as the main effect to separate the means among treatments. Least squares means, the LSD procedure, and pooled standard errors were used to evaluate the differences among means. Data were also analyzed using PROC REG of SAS to describe the quantitative (linear, quadratic, or cubic) changes of weight of each tissue as day of gestation progressed. The NLREG software (Sherrod, 1992) was used to obtain the breakpoint from the multi-phasic regression for the protein content in the fetus. Homogeneity of the data was tested using Bartlett's test for homogeneity of variance, as described by SAS.
Results
Fetus and Fetal Carcass
Weights of the fetus increased cubically (P < 0.001, R 2 = 0.941) as gestation progressed (Figure 1 ). Fetal BW was the greatest (P < 0.05) on d 110 of gestation, and the smallest (P < 0.05) on d 45 and 60 of gestation (Table 3) . Weight of fetal carcasses increased cubically (P < 0.001, R 2 = 0.942) as gestation progressed. Fetal carcass weight was the greatest (P < 0.05) on d 110 of gestation and the smallest (P < 0.05) on d 45 and 60 of gestation (Table 3) . Dry matter content of the fetal carcass was greater (P < 0.05) on d 102 than on d 75 of gestation (Table 3 ) with no correlation (P = 0.244) for day of gestation. Crude protein content in the fetal carcass was greatest (P < 0.05) on d 45 and 60 and the smallest (P < 0.05) on d 110 of gestation, with no correlation (P = 0.441) for day of gestation.
Fetal Tissues
Weights of fetal GIT, liver, heart, lung, kidney, and brain increased cubically (P < 0.001, R 2 = 0.910, 0.882, 0.938, 0.917, 0.927, and 0.990, respectively) as gestation progressed. There were no changes in GIT DM (P = 0.470), CP (P = 0.218), and crude fat (P = 0.376) compositions during gestation. Ash content in GIT was greater (P < 0.05) on d 90, 102, and 110 than on d 60 and d 75 of gestation (Table 3) . Crude protein content in liver was greater (P < 0.05) on d 45, 60, 75 than on d 110 of gestation. Ash content in heart was greater (P < 0.05) on d 60 than on d 102 and 110 of gestation. Crude protein content in lung was greater (P < 0.05) on d 45 than on d 102 and 110 of gestation. Ash content in kidney was the greatest (P < 0.05) on d 60 and the smallest (P < 0.05) on d 110 of gestation. Crude protein content in brain was the greatest (P < 0.05) on d 60 of gestation (Table 3) . Unless indicated otherwise, no correlations (P > 0.05) with day was detected. The liver:fetal BW ratio decreased quadratically (P < 0.001, R 2 = 0.841), whereas GIT to fetal body weight ratio increased quadratically (P < 0.001, R 2 = 0.958) ( Table 4) .
Total Amounts of Protein and Fat in Fetus
Total amounts of protein content in the fetus increased quadratically (P < 0.001, R 2 = 0.906) as gestation progressed. When the data were analyzed to obtain a multiphasic regression with two linear equations by NLREG software, a breakpoint (where two linear curves cross) occurred on d 69 of gestation (P < 0.001). The R 2 and P-value of the model were 0.988 and <0.001, respectively (Figure 2 ). Fetal protein gain was 0.25 g/ d (P < 0.001) before d 69 of gestation, and increased to 4.63 g/d (P < 0.001) after d 69 g of gestation. Similarly, total amounts of fat in the fetus increased quadratically (P < 0.001, R 2 = 0.904) as gestation progressed. When the data were analyzed to obtain a multiphasic regression with two linear equations by NLREG software, a breakpoint occurred on d 69 of gestation (P < 0.001, R 2 = 0.983. Fetal fat gain was 0.06 g/d (P < 0.001) before d 69 of gestation and increased to 1.09 g/d (P < 0.001) after d 69 g of gestation.
Discussion
Results from this study demonstrate that the composition of individual fetal tissues undergoes dynamic changes during gestation. Additionally, protein and fat accretions in the fetus accelerate after d 69 of gestation. Collectively, these findings indicate increased maternal protein and fat needs by pregnant gilts to support fetal tissue growth, especially after d 69 of gestation.
Weight of fetuses increased cubically as gestation progressed, indicating that fetal weight gain accelerated during late gestation. Fetal weights of this study were similar to, and greater than, those reported previously (Wise et al., 1997; Wu et al., 1999; Leenhouwers Within a row, weight increased cubically as gestation progressed (P < 0.001). et al., 2002) during early and late gestation, respectively. Fetal weights on d 100 to 114 of gestation from this study were approximately 28 to 30% greater than those reported by Wise et al. (1997) , Wu et al. (1999) , and Leenhouwers et al. (2002) , but up to 50% greater than those reported more than 27 yr ago (Ullrey et al., 1965; Knight et al., 1977) . These results indicate the dramatic improvement in fetal growth during the last 25 to 40 yr. This is because sows have been selected for high lean gain and high prolific performance (Burrin, 2001; Pond and Mersmann, 2001) . It is reasonable to conclude that fetal growth is enhanced as the sow is genetically improved or modified.
In this study, a fetus accreted 0. (NRC, 1998) to be 1.6 g/d when BW is 158.2 kg (initial BW of pregnant gilts in this study). This value is equivalent to 34.4 g/d TID protein (TID lysine is 4.65% of TID protein in the gestation diet of this study). Additional amounts of protein are needed to support mammary gland growth, especially for pregnant gilts. Protein accretion in mammary tissue would be close to 11 g/d, based on the assumption that pregnant gilts have 14 mammary glands (Kim et al., 1999) and a major portion of the mammary protein gain occurs after d 70 of gestation (Kensinger et al., 1982; Sorensen et al., 2002) . Then, considering the amounts of protein for maternal maintenance, fetal tissue accretion, and mammary tissue accretion, TID protein available for maternal growth would be approxi- Within a row, ratio decreased quadratically as gestation progressed (P < 0.001).
c Within a row, ratio increased quadratically as gestation progressed (P < 0.001).
mately 184 and 120 g/d before and after d 69 of gestation, respectively. Thus pregnant gilts have 35% less protein available for maternal growth after d 69 than before d 69 of gestation. Maternal growth continues during gestation, especially for pregnant gilts or young sows. Supporting their protein gain is of nutritional and physiological importance because insufficient maternal protein gain during gestation results in low BW after lactation and delays return to estrus (Johnston et al., 1989; Dourmad, 1991) . In this study, fat accretion in the fetus increased after d 69 of gestation, indicating that the fetal pig requires more fat and energy from maternal sources. However, increasing the provision of dietary fat or energy to pregnant gilts may not be an ideal means for increasing sow's productivity because excessive maternal fat gain during gestation decreases voluntary feed intake during lactation (Baker et al., 1969; Weldon et al., 1994; Revell et al., 1998) and decreases sow longevity (Dourmad et al., 1994) . The data on fetal protein accretion allow for accurate estimation of protein requirement for pregnant gilts, and provides a compelling experimental basis for phase feeding (before and after approximately d 70 of gestation) with different dietary protein levels; however, the effect of this strategy on reproductive and lactation performance of gilts requires further investigation.
The GIT:fetal weight ratio increased as gestation progressed, indicating that the growth of GIT accelerated during late gestation. It has recently been recognized that, during late gestation, the placental transfer of arginine from the gilt to fetal pigs is insufficient to support fetal requirements for arginine, the most abundant N carrier in the body protein (Wu et al., 1999) . This necessitates endogenous synthesis of citrulline and arginine from glutamine/glutamate and proline in the fetus, which occurs exclusively in the small intestine (Wu et al., 2004) . Thus, a marked increase in the fetal gut mass plays a key role in supporting the most rapid growth of the fetus during late gestation. Another important function of the small intestine is to provide arginine (an essential AA) for the neonate (Wu and Knabe, 1995) because the milk of most mammals (including the pig) is remarkably deficient in arginine (Wu and Knabe, 1994; Davis et al., 1994) . Therefore, the rapid growth of the fetal gut during late gestation is crucial for arginine homeostasis and growth of sowreared piglets (Wu et al., 2004) .
The liver:fetal weight ratio decreased as gestation progressed indicating the growth of liver occurred mainly during early gestation. Dyce et al. (1996) and Bazer et al. (2001) also found that fetal liver growth occurs rapidly in early stages of gestation and slows as fetal growth progresses. One explanation for this rapid liver growth is the marked increase in erythropoietic activity within the liver during early gestation (Dyce et al., 1996; Reece, 1997) . During prenatal growth, the formation of erythrocytes occurs in the liver, spleen, and bone marrow, whereas during postnatal growth, erythrocyte formation takes place almost exclusively in the bone marrow (Reece, 1997) .
Fetal malnutrition results in low birth weight, decreased muscle fiber number, and decreased postnatal growth performance (Dwyer et al., 1994) . Mahan and Vallet (1997) suggested that the gestating sow may have a period of increased need for certain nutrients (e.g., minerals and vitamins), but the exact time was not identified. Wu et al. (1998) have shown that fetal growth restriction results in part from maternal dietary protein deficiency. Thus, establishing an effective strategy for feeding pregnant gilts on the basis of accurate nutrient needs for both fetal and maternal growth will enhance sow productivity and improve the efficiency of swine production. Considering that nutrient needs for fetal growth dramatically increase after d 69 of gestation, dietary requirements of pregnant gilts before and after d 69 of gestation may differ substantially. Our results of different rates of fetal protein accretion during gestation support the practice of a two-phase feeding strategy (before and after approximately d 70 of gestation) for pregnant gilts.
Implications
Protein accretion in fetal pigs accelerates after d 69 of gestation. Specifically, fetal protein accretion was 3.0 and 55.6 g/d before and after d 69 of gestation, respectively, in pregnant gilts. In view of different protein requirements for fetal tissue gain before and after d 70 of gestation, the current practice of providing a constant amount of dietary protein to pregnant gilts would limit its availability for maternal gain after d 69 of gestation, thereby potentially compromising both reproductive and lactation performance. Our findings support the practice of increasing provision of dietary protein to pregnant gilts after approximately d 70 of gestation to maximize fetal growth and sow productivity.
